STUDY QUESTION: Are telomere length and telomerase activity associated with biochemical primary ovarian insufficiency (POI)?
Introduction
Primary ovarian insufficiency (POI) is defined as hypergonadotropic amenorrhea due to cessation of ovarian function before the age of 40 years (Goswami and Conway, 2005) . Three stages of POI have been described, including occult, biochemical and overt (formerly called premature ovarian failure) phases (Levi et al., 2001; Welt, 2008) . Patients with occult POI manifest reduced fecundity, regular menstruation and normal levels of FSH. Patients shifting towards biochemical POI have spontaneous menstruation, but basal FSH starts to rise (ranging from 10 to 40 IU/L). Most patients with overt POI suffer from amenorrhea with highly elevated FSH (>40 IU/L). POI results from pathological reproductive aging and it is associated with decreased fertility and infertility. Moreover, the underlying cause remains elusive in most cases and they are generally referred to as idiopathic (Nelson, 2009) .
Reproductive aging is intertwined with biological aging. Previous studies have shown that the later a woman's last reproductive event (i.e. the last child) takes place, the older they will become. In other words, if a woman is still capable to conceive during her fifth decade, she will probably become very old (Laven, 2015) . Telomere length is a proven biomarker for biological aging (Fossel, 1998; Baird and Kipling, 2004; Aubert and Lansdorp, 2008) . Telomere attrition has been considered to be involved in age-related disorders, such as cardiovascular diseases (Brouilette et al., 2003 (Brouilette et al., , 2007 Morgan et al., 2014) , neurological diseases (Tedone et al., 2015; Zhan et al., 2015) and cancers (Hahn, 2003; Willeit et al., 2010) . Indeed, telomerase-deficient mice with short telomere length presented with premature aging and reduced fecundity (Liu et al., 2002) .
Patients with occult POI showed shortened telomere length and low telomerase activity in granulosa cells (Butts et al., 2009 ). In contrast, in patients with overt POI longer telomere length in peripheral blood leukocytes has been identified (Hanna et al., 2009) . Moreover, patients with overt POI also exhibited low telomerase activity in ovaries (Kinugawa et al., 2000; Liu and Li, 2010) . Compared with occult and overt POI, the biochemical stage is recognizable using specific clinical features and offers specific treatment options. Therefore, the changes of telomere length and telomerase activity in patients with biochemical POI may be more instructive; however, no data reporting on this issue have been published.
In this study, we measured relative telomere length in peripheral blood leukocytes (LTL) and granulosa cells (GTL) and relative telomerase activity (RTA) in granulosa cells of patients with biochemical POI to explore their potential roles in this disorder.
Materials and Methods

Study population
A total of 120 patients with biochemical POI undergoing IVF-embryo transfer (ET) were recruited from the Reproductive Hospital Affiliated to Shandong University. Patients met the following criteria: (i) basal FSH (on Days 2-4 of menstrual cycle) ≥10 mIU/ml; (ii) <40 years of age; (iii) with regular menstruation (23-35 days) and (iv) unilateral ovarian antral follicle count (AFC) <5. Patients with history of radio-or chemotherapy, ovarian surgery and chromosome abnormality were excluded. Two hundred and seventy-nine women treated with IVF-ET were enrolled as controls. Peripheral blood was collected from all controls, whereas granulosa cells were collected from 90 subjects of the 279 controls.
Ethical approval
This study was approved by the Institutional Medical and Ethical Review Board of Reproductive Medicine of Shandong University and written informed consent was obtained from all participants.
Granulosa cell isolation
Follicular fluid from large follicles with diameter exceeding 14 mm was pooled from each participant on the day of egg retrieval. The follicular fluid was centrifuged for 10 min at 2000 rpm, the precipitates were incubated with hyaluronidase (80 IU/ml) (Sigma, St. Louis, Mo., USA) for 30 min at 37°C, then transferred into lymphocyte separation medium (Solarbio, Beijing, China) and centrifuged at 1600 rpm for 10 min. Granulosa cells were isolated from the interface layer, then washed and resuspended in phosphate buffer saline (PBS). The cells were stored at −80°C until processed for measurement of GTL and RTA.
LTL and GTL measurement
Genomic DNA was extracted from peripheral blood leukocytes and granulosa cells using DNeasy Tissue Kit (QIAGEN, Inc., Mississauga, Ontario, Canada). Relative LTL and GTL were measured using a modified Quantitative Polymerase Chain Reaction (qPCR) technique described by Cawthon (Cawthon, 2002; Shen et al., 2012; Li et al., 2013) . The relative telomere length was calculated as the telomere/single copy gene (T/S) ratio using β-globin as reference. For each sample, two PCRs were performed: one to amplify telomere repeats (Tel PCR, 10 μM of primer Tel-F, CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT; Tel-R, GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT), and the other to amplify the β-globin gene (S PCR, 10 μM of primer β-globin-F, CTTCTGACACAACTGTGTTCACTAGC; β-globin-R, CACCAACTTC ATCCACGTTCACC). The 2 × SYBR Green I Mix (TAKARA, Tokyo, Japan) was used for all qPCRs. Standard curves derived from serially diluted reference DNA (0.75-12 ng; 2-fold dilution; five points) for telomere and β-globin both showed good linearity (R 2 > 0.99, Supplemental Fig. SI ).
Relative T/S ratios will reflect relative length differences in telomeric DNA only if the number of copies of S per cell that are effectively PCRamplified is the same in all individuals being studied. To test whether PCR with the β-globin primers met this requirement, we determined, by quantitative PCR, the relative ratio of β-globin gene copies to 36B4 (officially known as ribosomal protein lateral stalk subunit P0 (RPLP0)) gene copies in patients with biochemical POI versus controls described by Cawthon (2002) . The relative ratio (β-globin/36B4) was 1.0 (average = 1.0, range = 0.93-1.08), indicating a reliable 1:1 relationship between β-globin and 36B4 as reference (Supplemental Table SI ).
Terminal restriction fragment length analysis
Terminal restriction fragment (TRF) measurement by Southern blot was used to verify some samples. TRF length was measured using the Telo TTAGGG telomere length assay (Roche Diagnostics GmBH, Mannheim, Germany). Genomic DNA (1.5 μg) was digested with the restriction enzymes, RsaI and HinfI (Roche Diagnostics GmBH) for 2 h at 37°C. The DNA fragments were separated on a 0.8% agarose gel by electrophoresis, then were denatured, neutralized and transferred to a nylon membrane via capillary transfer at 15-25°C using a 20 × saline-sodium citrate (Solarbio) transfer buffer and crosslinked with UV light. Blotted DNA fragments were incubated with a telomeric probe-digoxigenin (DIG) (Roche Diagnostics GmBH) at 42°C for 3 h, followed by incubation with DIG-specific polyclonal sheep antibody (Roche Diagnostics GmBH) covalently coupled to alkaline phosphatase. Binding sites of the telomere probe were visualized using a highly sensitive chemiluminescence substrate (Roche Diagnostics GmBH) that metabolizes alkaline phosphatase. Then TRF lengths were evaluated with molecular weight markers and mean TRF lengths were estimated using Image lab software (BIO-RAD, ChemiDoc 
Telomerase activity measurement
Telomerase activity was detected using a modified quantitative-telomeric repeat amplification protocol (Q-TRAP) assay (Herbert et al., 2006; Jeon et al., 2011) . Granulosa cells were lysed in NP-40 lysis buffer, and incubated on ice for 30 min. The lysate was centrifuged at 12 000g for 30 min at 4°C, and supernatant was collected. Protein concentration was measured using the Bicinchoninic acid protein assay kit (Beyotime, Shanghai, China) according to the manufacturer's protocols. The Q-TRAP was optimized using the PCR reagent LightCycler FastStart DNA Master SYBR Green I (Roche Diagnostics GmBH), containing 2 µl extract, 12.5 µl 1 × SYBR Green Master Mix, 0.1 µg TS primer (5′-AATCCGTCGAGCAGA GTT-3′), 0.1 µg ACX primer (5′-GCGCGGCTTACCCTTACCC TTACCCTAACC-3′) and adjusted to 25 µl using sterile H 2 O. The reaction plate was incubated at room temperature for 30 min. The PCR conditions were 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. Each run included measurements of telomerase-positive control 293 T samples and telomerase-negative control 293 T samples inactivated by incubation for 10 min at 85°C. A standard curve derived from serially diluted immortalized 293 human embryonic kidney cells showed good linearity (R 2 > 0.99, Supplemental 
Statistical analyses
Whether data were distributed normally and were assessed using the Kolmogorov-Smirnov test. The relative LTLs and GTLs were lntransformed because of a skewed distribution. Either a Student's t-test or the Mann-Whitney U-test was used to analyze different quantitative variables. The correlations between LTLs, GTLs and age were analyzed using a general linear regression model. The associations between LTLs, GTLs, RTAs and biochemical POI were analyzed using a binary logistic regression model. Odds ratios (ORs) were calculated to determine the association between LTLs, GTLs, RTAs and biochemical POI. A two-sided P < 0.05 was considered statistically significant. Statistical analyses were performed with Statistical Package for Social Sciences version 18.0 (SPSS 18.0; SPSS, Chicago, IL, USA).
Results
Clinical characteristics of all participants
The clinical characteristics of patients and controls were shown in Table I . Compared with controls, patients with biochemical POI were older (32.95 ± 4.27 years vs 29.98 ± 4.28 years, P < 0.001) and had lower levels of basal estradiol (E2) on Day 3 of the menstrual cycle (33.46 ± 13.96 pg/ml vs 39.46 ± 15.06 pg/ml, P = 0.009). No difference in BMI was observed between the two groups.
Associations between LTLs, GTLs and age
The age distribution of all participants was shown in Fig. 1a . Linear regression analysis revealed that the relationship between LTLs and age was determined by LTL (T/S ratios) = −0.067 × year + 3.55 [R 2 = 0.03; correlation coefficient (r) = −0.16; P = 0.001]. Moreover, on average, LTL decreased 0.067 T/S every year from age 21 up till 39 years. The relationship between GTLs and age was deduced from GTL (T/S ratios) = −0.089 × year + 4.05 (R 2 = 0.05; r = −0.22; P = 0.001). Similarly, GTL decreased 0.089 T/S every year from age 23 to 39 years on average (Fig. 1b) .
Associations between LTLs, GTLs, RTAs and biochemical POI Shorter LTLs, GTLs (0.75 ± 0.09 vs 1.79 ± 0.12, P < 0.001; 0.78 ± 0.09 vs 1.90 ± 0.23, P < 0.001) and diminished RTAs were established in granulosa cells (1.57 ± 0.59 vs 4.63 ± 0.93, P = 0.025) from POI patients compared with controls (Table II) . Logistic regression analysis showed significant associations between the presence of biochemical POI and LTLs, GTLs and RTAs (LTL: adjusted for age OR = 0.54, 95% CI = 0.43-0.68, P < 0.001; GTL: adjusted for age OR = 0.54, 95% CI = 0.41-0.70, P < 0.001; RTA: OR = 0.84, 95% CI = 0.72-0.98, P = 0.025, Table III 0.98T/S GTL reductions on average after adjustment for age, which corresponds with~10.30 and 11.01 years age-related reduction in LTL and GTL, respectively.
Comparison of IVF parameters between patients with biochemical POI and controls stratified by LTLs, GTLs and RTAs
As shown in Table V , patients with biochemical POI and controls were divided into two subgroups, respectively, i.e. T/S <1 group and T/S ≥1 group, RTA <1 group and RTA ≥1 group. Interestingly, the rate of two pronuclei (2PN) was significantly higher in those with higher telomerase activity compared with lower telomerase activity both in patients (56.14% vs 38.00%) and controls (63.9% vs 52.67%) (P = 0.03). However, no differences in rates of cleavage and highquality embryo on D3 were observed between shorter LTLs/GTLs and longer LTLs/GTLs either in patients or in controls.
Discussion
This study shows that in peripheral blood leukocytes as well as in granulosa cells derived from women with biochemical POI telomere length seems to be shorter compared with healthy controls. Moreover, telomerase activity seems to be diminished in granulosa cells of patients with POI compared with healthy controls. Finally, as to be expected, with advancing age telomere length shortened.
Telomere length is positively correlated with reproductive lifespan in women (Aydos et al., 2005 LTLs (T/S) 0.75 ± 0.09 (n = 120) 1.79 ± 0.12 (n = 279) <0.001
GTLs (T/S) 0.78 ± 0.09 (n = 120) 1.90 ± 0.23 (n = 90) <0.001 RTAs 1.57 ± 0.59 (n = 31) 4.63 ± 0.93 (n = 38) 0.025
Values are given as numbers or means ± SE. P values were obtained from MannWhitney U-test. P < 0.05 was considered statistically significant. POI, primary ovarian insufficiency; LTL, telomere length in leukocyte; GTL, telomere length in granulosa cell; RTA, relative telomerase activity. Logistic regression analysis between factor (POI = 1 or control = 0) and telomere lengths ln(T/S ratios) unadjusted or age adjusted. P < 0.05 was considered statistically significant. POI, primary ovarian insufficiency; LTL, telomere length in leukocyte; GTL, telomere length in granulosa cell; RTA, relative telomerase activity; OR, odd ratio. Peripheral blood was collected from all 279 controls, whereas granulosa cells were collected from 90 subjects of the 279 controls. P values were obtained from Chi-square test. P < 0.05 was considered statistically significant. POI, primary ovarian insufficiency; LTL, telomere length in leukocyte; GTL, telomere length in granulosa cell; RTA, relative telomerase activity. Rate of 2PN was defined as the number of 2PN divided by the total number of oocytes retrieved. The fertilization rate was the ratio between the number of fertilized eggs and number of oocytes retrieved (Barlow et al., 1990) .
been identified in patients with occult as well as overt POI (Butts et al., 2009; Liu and Li, 2010) . Our results of shortened LTLs, GTLs and diminished RTAs in biochemical POI were consistent with most reports, which have shown that telomere attrition is associated with reproductive aging. These findings might be explained as follows. First, it might reflect an increased cellular senescence in patients with biochemical POI. A second explanation could be that most patients suffered from estrogen insufficiency due to lower levels of estradiol. Moreover, it has been reported that estrogen deficiency in mice resulted in an inhibition of telomerase activity in ovaries, which entailed shortened telomeres (Bayne et al., 2011) . Last but not least, patients with POI endured a high degree of psychological and physical stress. More exposure to stress may be responsible for accelerated telomere attrition (Epel et al., 2004) . In addition, the phenomena of shortened GTLs and diminished RTAs in granulosa cells verified that telomere erosion was accelerated in women with POI and their replication capacity was impaired. The fact that we found shorter LTLs in biochemical POI is contradictory to other studies that found longer LTLs in overt POI (Hanna et al., 2009) . These seemingly contradictory results might be explained as follow. First of all, long-term hormone replacement in postmenopausal women slowed down the rate of telomere attrition (Lee et al., 2005) . Patients with overt POI had to take hormone replacement to maintain adequate estrogen exposure, whereas patients with biochemical POI in this study still experienced spontaneous menstrual periods. Secondly, different stages of POI may be characterized by distinct and different pathological changes specific for that stage. Last but not least, the relatively smaller sample size in the previous study (n = 34) may have introduced some bias (Hanna et al., 2009) .
Patients with occult POI, only characterized by decreased fecundity, are hard to diagnose in a clinical setting because we lack proper diagnostic tools or markers to do so. In contrast, for patients with overt POI, in whom ovaries already have been depleted the diagnosis that is much easier to establish. Biochemical POI is the second, intermediate stage of POI in whom the primordial follicle pool has not yet been fully depleted. Impaired telomere length and telomerase activity were revealed in patients with biochemical POI. Hence this might provide an early and reliable indicator or predictor for progression of ovarian decline before the final exhaustion of oocytes takes place.
The cross-sectional nature of this study might have its limit in telomere length as well as telomerase activity along with the progressing decline in ovarian function.
In conclusion, shortened telomere length and diminished telomerase activity were associated with biochemical POI. Further longitudinal studies in a similar population at different stages of POI are needed to further substantiate the rules of telomerase and telomere length.
Supplementary data
Supplementary data are available at http://humrep.oxfordjournals.org/.
